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Determination of Xb spin in the decays Xbo,2 -^ ^"0 ^^^ Xbo,2 -^ il'i^ ~^ 2(/i+yU ) 

A. V. Luchinskyi'EI 
^Institute for High Energy Physics, Protvino, Russia 

The decays Xbo.2 —^ i^ip and Xbo,2 — > ^/'V' ~^ 2(/i'''^~) are considered. It is shown that with the 
help of ^-meson angular distributions and the distributions by final muon kineniatical variables it 
is possible to determine the spin of the decaying xt-meson. These distributions can also give an 
additional information about -i/;-meson wave functions. 
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I. INTRODUCTION 



o 

o 

^^ I It is well known that heavy quarkonia jl| give a wonderful possibility to study the strong interactions both at large 

^ . and at small distances. The processes with these quarkonia split into two stages. The first stage is the creation of 
quark-antiquark pair (QQ), while the second one is the subsequent hadronization of this pair into experimentally 
observed meson. The consequence of the large difference between heavy quark mass mg and the strong interaction 
scale Aqcd is that the characteristic distances of these stages are also different. The characteristic distance for the 
quark-antiquark pair production is '^ 1/toq, while the scale of its subsequent hadronization is l/{mQv) ^ I/jtiq 
(here w ^ 1 is the typical velocity of the heavy quark in meson). As a result of this difference the production of 
quark-antiquark pair and its hadronization are almost independent and heavy quarkonia make it possible to check 
'^ ' quantum chromodynamics both at small (~ I/itiq) and large {^ {mQv)~^) distances. 

^1 ' Another interesting feature of heavy quarkonia is that the lightest of them lie below the open flavour states pro- 

duction threshold. As a result the decays that are allowed by the Zwcig rule (for example -0 -^ DD or T(IS') -^ BB), 
^^ ' are forbidden by kinematics, so such mesons can decay only via the annihilation of quark-antiquark pair. So the total 
f^ ' widths of the ground states of heavy quarkonia are small. One of the consequences of this fact is that the branching 
\G ■■ fractions of the leptonic decays -0, T(IS') -^ M"""/^" ^-^e large and these decays can be used for the registration of these 
^P [ mesons. 

r^ For heavy quarkonia with quantum numbers different from J — 1 the leptonic decays cannot be used for 

Qh registration, since the branching fractions of these decays are small. As a result such particles as scalar and tensor 
JL , bottomonia Xbo,2 are studied rather poor (at the moment even the total widths of these mesons are not known 
ij ' experimentally). On the other hand, it is expected that these mesons should be produced at hadron colliders with 
(~| , large probability. So we need some reliable method of the registration of these particles. In the paper [3| it was 
I!" proposed to use the decays Xbo,2 — > V'V' for Xfco.2 detection. In the subsequent analysis p\ it was shown, that taking 
. !^ , into consideration the relative motion of c-quark inside 0-meson one can increase the branching fractions of these 
j^ ■ decays. This enlargement makes the detection of Xb-niesons even more promising. 

5-H ' In this article we continue the consideration of this question and study the reaction Xfco,2 — * V'V' with the subsequent 

decays of the i/j-meson into leptonic pairs. These decays are interesting by two reasons. First of all, 0-mesons are 
detected by their leptonic decays, so muons will be the experimentally observed particles in these reaction. The 
second reason is that from the distributions by final muons one can get an additional information about both Xb (for 
example, one will be able to determine the spin of the bottomonium) and -^-mesons. 

The rest of this paper is organized as follows. In the next section we will study the decays Xbo.2 ^^ ''pfp and consider 
the possibility of the determination of Xb spin from i/i-meson angular distributions. In section IIIII the expressions 
for the differential widths of the decays Xbo,2 -^ V'V' -^ 2(^+/x~) are presented. In the section Hvl we study the 
distributions by different kinematical variables of the final muons. 
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II. X0,2 -^ ipi> 

In our paper we will use the helicity amplitude formalisni |^ . According to this method the amplitude of the process 
Xbo.2 ~* '0V' is written in the form 

where J — 0,2 and fi are the spin of the initial Xfc-nieson and its projection on the fixed axis, Aa,& are the helicities of 

i/j-mesons, X — Xa — Xt, ai^ is the Wigner d- function, and 6-^ and 4>^ are the polar and azimuthal angles determining 
the direction of tp momentum in x-meson rest frame. After this substitution all dependence on the kinematics of 
the process is contained in d- functions and the reduced helicity amplitudes A\ \ depend only on the properties of 
the initial and final mesons. In the work y the explicit expressions for these amplitudes through the wave functions 

of V'-mesons are presented. Here we would like to mention some general properties of A\ \ that will be useful in 
following. First of all, due to the angular momentum conservation the following inequalities hold 

|Aa,fc| < 1, \^^\AXa - Xb\ < J. 

Second restriction is caused by the Boze symmetry and leads to the relations 

These relations decrease the number of independent helicity amplitudes significantly. Namely, we have only 2 inde- 
pendent reduced helicity amplitudes for scalar meson and 4 for tensor one. There is also a chiral suppression 



4 a. - ^ , (2) 



^A„,A, \j^^ 

where m and Al are the masses of vector charmonium -0 and bottomonium X6 respectively. 

In j3| it was shown, that the numerical values of the reduced helicity amplitudes depend strongly on the choice of 
the wave functions of charmonium meson. In our paper we will consider some specific cases. Namely, we will use the 
so-called (5-distribution 

0l(x) = ^t{x)^s(x-^Y (3) 

that corresponds to quarks that are at rest in the 0-meson rest frame, the distribution 

(I)l{x) = I3.2x{l~x)~36x^{l-x)^, (4) 

0T(a;) = 30x^(1-2;^), (5) 

that was proposed in the work [SJ for p-meson, and 

0l(x) = 0t(x) = UOx^il ~ x^), (6) 

that was introduced in Q. In what follows the distribution © will be labeled as "(5", the set (I4I5|) will be labeled 
as "CZ", and the distribution JB)) as "^s". In the paper Q the duality relation that connects the widths of the 
exclusive decays Xbo,2 —^ "00 with the widths of the inclusive decays Xbo.2 —^ "tpOD + X was studied. With the help 
of this relation one can set some restrictions on the branching fraction Br(xf,o,2 — *■ 0'/')- From all of the distributions 
presented above only the distribution 10 gives the branching fractions that satisfy these restrictions. In our paper we, 
nevertheless, will present the results obtained with the use of all the distributions listed above and check whether it 
is possible to get the information on 0-meson wave functions from the analysis of Xb — > "00 and Xb —* 00 —* 2(^"'"y^~) 
decays. 

In addition to T/i-meson wave functions the reduced helicity amplitudes depend also on the values of ■i/'-meson 
longitudinal and transverse constants /l,t and the derivative of the Xb-meson wave function at the origin. The 
longitudinal constant /^ is expressed through the width of 0-meson leptonic decay: 
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-0.0054 
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-0.0075 


0.0013 
0.0019 
0.0017 


0.0092 
0.13 
0.017 


-0.0066 
-0.023 
-0.0083 


-0.0019 
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TABLE I: The reduced helicity amplitudes AY\ (in GeV^/^) and tlie widths ^^ (in keV) 



where aqED is the fine structure constant and Bc — 2/3 is the electric charge of the c-quark. Hereafter we will suppose 
that fx = fh- The derivative of the Xb-meson wave function is connected with its total widths: 
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where as ~ 0.2 is the strong coupling constant at the scale of 6-quark mass. Unfortunately, the values of these 
widths are not known experimentally, so in what follows we will use the value |i?'(0)p = 1.34 GeV^, that is a result 
of Schrodinger equation solution 9] . The values of the reduced helicity amplitudes obtained using these numbers are 
presented in the table HI (only the independent amplitudes are given in this table, the others can be obtained from 
them with the help of the relations ^ ). 

Let us consider the decay Xb.j —> V'V'- If P/^ is the probability of the ^-meson spin having the projection /i on the 
fixed axis, than the width of the decay is equal to 
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where 



d^ - d$2(x ^ V'V') = (27TfS\Q -Pa- Pb) 
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is the lorentz-invariant phase space of the decay XbJ — > V'V' written in the Xb rest frame. From this expression we 
obtain the ?/;-meson angular distribution 
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If we consider Xbo-meson or an unpolarized X62-nieson (that is with p^; — (2J+ 1)^^) we get an isotropic distribution. 
If Xf,2-meson is polarized ( this is true for X62 produced in pp-annihilation), the distribution will be anisotropic. For 
example, in massless QCD we have 



h = P-2 = /5o = 0, 



Pi=P-i=2. 



In figure ^ we show the angular distributions of the -0 meson produced in the decay X62 ~^ '/'V' for different c-quark 
distributions. 



III. 



Xo,2 ^ipJp ^ 2(^+/i ) 



In the previous section we have shown, that angular distributions of V'-mesons produced in the decays Xb ~* V'V' 
can be used to separate Xbo- and X62-inesons and to determine the reduced chiral amplitudes ^3^ ^^ . In this section 
we will consider the decays 
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FIG. 1: Angular distributions dT{xb2 ^^ ^tp)/dcos9^ (in eV) versus the cosine of the scattering angle for CZ (solid line), 
(dashed line), and S (dotted line) i/;-meson wave functions 






FIG. 2: Definition of the Xb — > 2{jj,'^ jj, ) kinematics. The figure in the center corresponds to xt-rest frame, left and right figures 
correspond to rest frames of f/ji,- and ^/ja-mesons. 

and study what information we can get from the distributions of the final particles of these decays. The matrix 
element of the reaction Q can be written in the form 



x(^) = — 

Pi 



1 



1 



m'^pI 






(8) 



where Pa,b and Xa,b are momenta and helicities of the intermediate i/j-mesons, Oa^b and (j)a.b are polar and azimuthal 
angles determining the direction of muon momentum in the rest frame of the parent i/'-meson (see figure |2 for the 
definition of these angles) , and A/a {0, (f>) is the helicity amplitude of the decay ^ ^ /i+/i~ , that depends on the helicity 
of the vector meson and the muon momentum direction in the ip-iest frame. From the expression ^ we get the width 
of the decay Q) : 
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Here X — Xa ~ Xb, dfla.t = sin 9 a, bd9 a, bd(t> a, b are the solid angles or the decays -00, 6 —* M^M i^^ i/'-meson rest frame, 
and Uxx{0, (/>) ~ Af\{0, (j))Af^{9, </>). The fmictions Ux^x{0, <p) satisfy the relations 



Ux^xie,^^) ^ WxxiOA) = {-ir-'K--x,-xi9,^), 



and the explicit expression are 

= 2m^5^sin^6' 

= V2m^g^ sm9cos9e"'' ^ -Uo,-ii9,(t>) 
= V2m^g^sm9cos9e^"'' = ~U-i,q{9,(I3) 
^ m^g^sm'^9e^"^. 

Here g is the effective constant of the ipfj,'^ fi~ vertex, that can be expressed through the width of ijj leptonic decay: 

g2 = 12^^^^^^'^^) 
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and we have neglected the muon mass. When deriving the formula ^ we have used the factorization of the 4-particle 
phase space 
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and the relation 
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that is caused by the smallness of the V'-meson total width. 



IV. FINAL MUON DISTRIBUTIONS 



From the formula © we can derive the distributions by the kinematic variables of final muons. These distributions 
will be considered in this section. 

Let us consider the case when only one /i+/i^-pair is registered. In this case we can construct a normalized helicity 
density matrix 
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The distribution by the angle 9a has the form 
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Using this expression one can construct the distributions by the experimentally observable variables. If E"^ is the 
energy of the final muon in the rest frame of the initial bottomonium, than the distribution by this variable has the 
form 
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FIG. 3: Normalized muon energy distributions in the decays Xfco —^ '^il-t'^fJ' ) (solid line) and Xb2 ^^ '^{l-i-^ 1-^ ) (dashed line) for 
different sets of i/)-nieson wave functions 



where /3 — -^/l — Am^/M"^ is the ip velocity in the Xb rest frame. It is clearly seen that the form of this distribution 
depends strongly on the value of the parameter pofl. If /9o,o = 1/3 the differential width will not depend on the energy 
of the muon, whereas for po,o > 1/3 or po,o < 1/3 we will have a parabola with positive or negative main coefficient. 
The parameter po,o is expressed through the reduced helicity amplitudes according to 
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In the second section we have mentioned that the reduced amplitudes A)i^ \ should satisfy the restrictions | Aa — Afc| < J 
and the chiral suppression ^ should take place. A result of these restrictions is that in the massless V' hmit we have 
Po,o = 1 for scalar bottomonium and po,o — 1/3 for tensor one. Since the mass of the '0-meson is small compared with 
the mass of Xb, similar results should take place also for real ip, so the forms of the muon energy distributions for scalar 
and tensor bottomonia a different. In figure |21 we show the distribution dF/dE'^ for scalar and tensor bottomonia 
(solid and dashed lines respectively) for different sets of the '0-meson wave functions. It is clearly seen that from this 
distribution one can determine the spin of Xb meson and set the restrictions on the V'-meson wave function. Similar 
situation is observed also for the distributions by the transverse muon momentum k± , that is the component of the 
muon momentum that is orthogonal to the momentum of the parent Tp-meson. From the formula (I10|) one can easily 
obtain the analytical expression for this distribution: 
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Unfortunately, the first factor masks the form of this distribution, so it is hard to distinguish the scalar bottomonium 
from the tensor one from it. 

Let us now proceed to the case when the decays of both ^-mesons are registered. Here we will consider the 
distribution by the angle between decay planes, that is the planes formed by the final muon momenta. This angle is 
expressed through the azimuthal angles ^a.h by the relation S(j) — 4>a + 'Pb, and the normalized distribution over this 
angle have the form 
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We show the distributions by this angle in the figure 01 It is hard to use them for separating Xbo and Xh2-mesons, but 
these distributions give us the value of the matrix element |^-j^ ^\. 



CONCLUSION 



In the works [1, Q it was proposed to use the decays Xfeo,2 -^ V'V' for the registration of Xbo,2 mesons. Here we 
continue the consideration of this question and study the decays XbQ,2 -^ V'V' ~^ 2(/j,"'"^~). 

One of the questions that arise in the observation of scalar and tensor bottomonia is the determination of the spin 
of this particle. Since the difference between their masses is tiny (M, 



Xb2 



M 



50 MeV), it could be smaller than 
the instrumental error of the detector. That is why it will be rather difficult to determine the spin of the meson 
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FIG. 4: Normalized 5(j> distributions in the decays Xfco -^ 2(/i"'"/i ) (solid line) and Xbo ^^ 2(/i+/i ) (dashed line) for different 
sets of i/)-meson wave functions 



from its mass and one needs to have some other methods for the separation of Xbo- a-nd Xfc2-niesons. In this paper we 
show, that this separation can be performed using the angular distributions of i/i-mesons produced in the reactions 
Xbo,2 —^ ipip, or the distributions of the final muons produced in the decays X6o,2 — > ipip ~^ 2(/i"'"/i^). 

From this distributions one can also get an additional information about the wave functions of intermediate V'- 
mesons. In this work we consider several sets of these wave functions and show that the the distributions by final 
muon energy in the Xb rest frames for these sets differ from each other. 
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